Conventional single tensor diffusion analysis models have provided mixed findings in the substantia nigra of Parkinson's disease, but recent work using a bi-tensor analysis model has shown more promising results. Using a bi-tensor model, free-water values were found to be increased in the posterior substantia nigra of Parkinson's disease compared with controls at a single site and in a multi-site cohort. Further, free-water increased longitudinally over 1 year in the posterior substantia nigra of Parkinson's disease. Here, we test the hypothesis that other parkinsonian disorders such as multiple system atrophy and progressive supranuclear palsy have elevated free-water in the substantia nigra. Equally important, however, is whether the bi-tensor diffusion model is able to detect alterations in other brain regions beyond the substantia nigra in Parkinson's disease, multiple system atrophy, and progressive supranuclear palsy and to accurately distinguish between these diseases. Free-water and free-water-corrected fractional anisotropy maps were compared across 72 individuals in the basal ganglia, midbrain, thalamus, dentate nucleus, cerebellar peduncles, cerebellar vermis and lobules V and VI, and corpus callosum. Compared with controls, free-water was increased in the anterior and posterior substantia nigra of Parkinson's disease, multiple system atrophy, and progressive supranuclear palsy. Despite no other changes in Parkinson's disease, we observed elevated free-water in all regions except the dentate nucleus, subthalamic nucleus, and corpus callosum of multiple system atrophy, and in all regions examined for progressive supranuclear palsy. Compared with controls, free-water-corrected fractional anisotropy values were increased for multiple system atrophy in the putamen and caudate, and increased for progressive supranuclear palsy in the putamen, caudate, thalamus, and vermis, and decreased in the superior cerebellar peduncle and corpus callosum. For all disease group comparisons, the support vector machine 10-fold cross-validation area under the curve was between 0.93-1.00 and there was high sensitivity and specificity. The regions and diffusion measures selected by the model varied across comparisons and are consistent with pathological studies. In conclusion, the current study used a novel bi-tensor diffusion analysis model to indicate that all forms of parkinsonism had elevated free-water in the substantia nigra. Beyond the substantia nigra, both multiple system atrophy and progressive supranuclear palsy, but not Parkinson's disease, showed a broad network of elevated free-water and altered free-water corrected fractional anisotropy that included the basal ganglia, thalamus, and cerebellum. These findings may be helpful in the differential diagnosis of parkinsonian disorders, and thereby facilitate the development and assessment of targeted therapies.
Introduction
Parkinson's disease, multiple system atrophy (MSA), and progressive supranuclear palsy (PSP) are pathologically distinct neurodegenerative disorders that can be difficult to diagnose clinically due to their overlapping motor symptoms. Diffusion MRI provides in vivo microstructural measures of the brain, and has emerged as a promising tool for differentiating Parkinson's disease, MSA, and PSP. In Parkinson's disease, several single tensor diffusion imaging studies have reported reduced fractional anisotropy values in the substantia nigra (Yoshikawa et al., 2004; Chan et al., 2007; Vaillancourt et al., 2009; Péran et al., 2010; Du et al., 2011; Rolheiser et al., 2011; Zhan et al., 2011; Skorpil et al., 2012) . In PSP, diffusion studies using a single tensor model have reported lower fractional anisotropy values and higher axial diffusivity, radial diffusivity, mean diffusivity, and apparent diffusion coefficient in the superior cerebellar peduncle (Blain et al., 2006; Nicoletti et al., 2008; Knake et al., 2010; Whitwell et al., 2011; Saini et al., 2012; Tsukamoto et al., 2012; Agosta et al., 2014; Tessitore et al., 2014; Worker et al., 2014) . In MSA, studies using a single tensor model have found lower fractional anisotropy values and higher axial diffusivity, radial diffusivity, mean diffusivity, and apparent diffusion coefficient in the middle cerebellar peduncle (Shiga et al., 2005; Blain et al., 2006; Nicoletti et al., 2006 Nicoletti et al., , 2013 Paviour et al., 2007; Chung et al., 2009; Pellecchia et al., 2009; Tha et al., 2010; Tsukamoto et al., 2012; Worker et al., 2014) , lower fractional anisotropy, higher apparent diffusion coefficient, and higher trace (D) values in the putamen (Schocke et al., 2004; Nicoletti et al., 2006; Ito et al., 2007; Kö llensperger et al., 2007; Chung et al., 2009; Pellecchia et al., 2009; Tsukamoto et al., 2012; Umemura et al., 2013; Cnyrim et al., 2014) , and higher mean diffusivity in the cerebellar hemispheres (Nicoletti et al., 2013) .
Recently, however, a meta-analysis questioned the utility of fractional anisotropy and mean diffusivity in the substantia nigra as markers of Parkinson's disease when the single tensor model was used (Schwarz et al., 2013) . A study from the Parkinson's Progressive Marker Initiative (PPMI) was not able to find differences in single tensor fractional anisotropy within the substantia nigra for Parkinson's disease compared with controls (Schuff et al., 2015) , whereas a study using a more advanced diffusion model found elevated free-water in the substantia nigra using a subset of the subjects from the PPMI cohort (Ofori et al., 2015a) . The presence of free-water (i.e. water molecules that are not restricted by the cellular environment and therefore do not display a directional dependence) can significantly bias diffusion indices and lead to reduced fractional anisotropy and increased mean diffusivity values (Metzler-Baddeley et al., 2012) . To address this issue, a bi-tensor model was introduced that separates the diffusion properties of water in brain tissue from those of water in extracellular space (Pasternak et al., 2009) . Using this technique, it has been shown that free-water values are increased and free-water-corrected fractional anisotropy (FAt) values are actually unchanged in the posterior substantia nigra of patients with Parkinson's disease compared with controls in a single site and multi-site cohort (Ofori et al., 2015a) . Moreover, free-water values in the posterior substantia nigra were correlated cross-sectionally with motor symptom severity (Ofori et al., 2015a) , increased longitudinally over 1 year in Parkinson's disease, and baseline free-water values of Parkinson's disease patients were found to predict the rate of motor symptom progression over the subsequent year (Ofori et al., 2015b) . These findings suggest that there is an increase in the extracellular space of the substantia nigra in Parkinson's disease, and that free-water values using the bi-tensor model may be a more sensitive and reliable marker of Parkinson's disease and its progression than conventional diffusion measures that rely upon a single tensor model. Given that overlapping motor symptoms are clinical hallmarks of Parkinson's disease, MSA, PSP, and all show loss of dopaminergic cells at pathology in the substantia nigra region, we test the hypothesis that MSA and PSP will have elevated free-water in the substantia nigra. Equally important is whether free-water imaging is able to detect alterations in the tissue and/or extracellular space of other brain regions beyond the substantia nigra region in Parkinson's disease, MSA, and PSP, which could improve differential diagnosis. Because atypical parkinsonian syndromes typically present with a more complex clinical profile, we expected substantially more regions of altered free-water in MSA and PSP as compared to Parkinson's disease.
To this end, we compared free-water and FAt values in multiple brain regions as derived by diffusion MRI and the bi-tensor model between Parkinson's disease, MSA and PSP, and healthy age-matched controls. Regions of interest were selected based on previous pathology and neuroimaging findings in these patients (Hofer and Frahm, 2006; Ito et al., 2008; Zrinzo et al., 2008; Erbetta et al., 2009; Dickson, 2012; Nicoletti et al., 2013; Prodoehl et al., 2013) , and spanned the basal ganglia, midbrain, thalamus, brainstem, cerebellum, and corpus callosum. We also assessed how well free-water and FAt measures alone, and in combination with clinical measures, can distinguish the groups. For this we used logistic regression and support vector machine classification techniques.
Materials and methods

Participants and assessments
Seventy-two individuals participated in this study: 18 patients with Parkinson's disease, 18 patients with MSA, 18 patients with PSP, and 18 healthy age-matched controls (Table 1) . Ten Parkinson's disease and nine control subjects also participated in a previous study of free-water imaging in Parkinson's disease (Ofori et al., 2015b) . All patients were diagnosed as probable by a fellowship-trained movement disorders neurologist using established criteria (Hughes et al., 1992; Litvan et al., 1996; Gilman et al., 2008) . Notably, as shown by the disease duration (Table 1) , the diagnosis remained stable for 43 years. None of the control participants reported a history of neuropsychiatric or neurological problems. Research evaluations were conducted between 9:00 am and 3:00 pm, and the patients were tested following overnight withdrawal from anti-parkinsonian medications. All participants were administered the Movement Disorder Society Unified Parkinson's Disease Rating Scale part III (MDS-UPDRS-III) to evaluate motor symptom severity and the Montreal Cognitive Assessment (MoCA) to assess global cognitive functioning (Nasreddine et al., 2005 ). An additional composite score was calculated based on items 9-13 of the MDS-UPDRS-III (MDS-UPDRS-III gait and posture, Table 1 ). The study was approved by the Institutional Review Board at the University of Florida. Informed written consent was obtained from each subject prior to testing.
MRI data acquisition
All images were collected using a 3.0 T MR scanner (Philips Achieva) and 32-channel quadrature volume head coil. Head movement was minimized by foam padding within the coil and scanner noise was attenuated using a combination of earplugs and circumaural headphones. The parameters of the diffusion imaging acquisition sequence were as follows: gradient directions = 64, b-values = 0/1000 s/mm 2 , repetition time = 7748 ms, echo time = 86 ms, flip angle = 90
, field of view = 224 Â 224 mm, matrix size = 112 Â 112, number of contiguous axial slices = 60, slice thickness = 2 mm, and SENSE factor P = 2.
Diffusion imaging data analysis
Data preprocessing and analysis were consistent with previous work (Pasternak et al., 2009; Ofori et al., 2015a, b) . First, we used the FMRIB Software Library (FSL; Oxford, UK) and custom UNIX shell scripts to correct for signal distortions due to eddy currents and head motion, compensate the diffusion gradients for these rotations, and remove non-brain tissues. Next, free-water and FAt maps were calculated from the preprocessed data using custom code written in MATLAB (version R2013a; The Mathworks, Natick, MA). To create the free-water map, a minimization procedure was used that fit a bi-tensor model to each voxel to quantify its fractional volume of free-water. The free-water component was then eliminated from each voxel to generate the FAt map. To standardize the data, the b-zero image of each subject was registered to a T 2 -weighted image in MNI space (2 Â 2 Â 2 mm) by an affine transformation with 12 degrees of freedom and trilinear interpolation using FLIRT (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/ FLIRT). The resultant transformation matrix was then applied to the free-water and FAt maps.
Regions of interest
Regions of interest were hand-drawn on the b-zero image of each subject in MNI space by an experienced rater who was blind to group membership (Fig. 1) , and then used to extract values from the corresponding free-water and FAt maps. The size of each region of interest was chosen to fit within the brain structure across all subjects. Bilateral regions of interest were drawn in the following areas (number of voxels per hemisphere, n): anterior substantia nigra (n = 8), posterior substantia nigra (n = 8), putamen (n = 88), caudate nucleus (n = 68), globus pallidus (n = 76), subthalamic nucleus (n = 8), red nucleus (n = 8), thalamus (n = 36), pedunculopontine nucleus (n = 8), dentate nucleus (n = 20), middle cerebellar peduncle (n = 16), superior cerebellar peduncle (n = 14), cerebellar lobule V (n = 68), and cerebellar lobule VI (n = 125). Midline regions of interest (number of voxels, n) were drawn in the cerebellar vermis (n = 42), and areas CC1 (n = 90) and CC2 (n = 78) of the corpus callosum. The cerebellar vermis region of interest was comprised of areas VIIIa, VIIIb, and IX. Note that the corpus callosum was not captured in the diffusion scan of one MSA subject because the patient was kyphotic. These missing values were replaced by the group averages prior to analysis. To assess interrater reliability, a novice rater who was blind to group membership drew all of the regions of interest on 12 subjects (three randomly selected from each group).
Control regions of interest
To determine the sensitivity of free-water imaging in detecting disease-specific differences, we also included two control regions of interest in regions of the brain where structural changes in these diseases have not been reported (i.e. parietal and occipital cortices). The control regions of interest were generated using a 4-mm radius and placed bilaterally in the inferior parietal lobule (IPL; MNI coordinates: x = AE 47, y = À42, z = 54) and middle occipital gyrus (MOG; MNI coordinates: x = AE34, y = À81, z = 20) (Fig. 1 ).
Statistical analyses
Statistical analyses were performed in SPSS (version 22.0; IBM Corp). Alpha was set at 0.05 for all tests, and corrected for multiple comparisons. Sex distribution among the groups was compared using a 2 test. For each dependent variable we tested the homogeneity of group variances using Levene's test. Depending on the results of the Levene's test, group differences were analysed using either parametric analyses of variance or non-parametric analysis of variance (i.e. Welch's ANOVA). Where Welch's ANOVA was used, the adjusted F-values and within-groups degrees of freedom are reported. Free-water and FAt measures were analysed separately using a multivariate analysis of variance with sex as covariate (MANCOVA model). As 19 tests were performed per diffusion imaging measure, the alpha level was adjusted for multiple comparisons using the Bonferroni method, such that results were considered significant when P-values 5 0.0026 (0.05/ 19). The significant group differences were followed by Bonferroni corrected pairwise comparisons. An intraclass correlation coefficient (ICC) was calculated for diffusion imaging variables (hand-drawn regions of interest) using a two-way mixed model with absolute agreement. Finally, sensitivity and specificity analyses were performed to test the accuracy of diffusion measures in classifying groups. The classification analyses based on free-water and FAt measures proceeded in two steps. The first step consisted in performing receiver operating characteristic (ROC) analyses and binary logistic regressions (forward selection method) on the diffusion imaging variables that differed significantly between groups to assess how well they could distinguish Parkinson's disease/PSP/MSA from control, PSP/MSA from Parkinson's disease, PSP from MSA, PSP from Parkinson's disease, and MSA from Parkinson's disease. In Step 2, we entered the variables selected by Step 1 into a support vector machine classification analysis using 10-fold cross-validation using the Library for Support Vector Machines (LIBSVM) (Chang and Lin, 2011) 
Results
Demographic and clinical data
Diffusion analyses
ICC values revealed excellent agreement between the two raters (Supplementary Table 1 ). Across all regions of interest, the intraclass correlation coefficient of average free-water values ranged from 0.951 to 0.995 (all Pvalues 5 0.001) and ICC of average FAt values ranged from 0.947 to 0.998 (all P-values 5 0.001). Tables 2 and 3 show the mean free-water and FAt values for each region of interest by group, as well as the results of the pairwise comparisons. Free-water values differed significantly between groups in each region of interest (all Pvalues 4 0.001), except for the control regions of interest (inferior parietal lobule, P = 0.511; middle occipital gyrus, P = 791). Compared with controls, free-water values were increased in the anterior and posterior substantia nigra of Parkinson's disease (both P-values 4 0.018), most regions of interest of MSA (all P-values 4 0.022 except the dentate nucleus, subthalamic nucleus, and CC2 where P-values 5 0.086), and all regions of interest of PSP (all P-values 4 0.045) (Fig.  2) . FAt values differed significantly between groups in six regions of interest (all P-values 4 0.001) (Fig. 3) . The middle cerebellar peduncle F-value between groups was at P = 0.006, and approached significance. Parkinson's disease and controls did not differ in any of the regions of interest (all P-values 5 0.176). MSA had increased FAt values in the caudate and putamen compared with controls (both Pvalues 5 0.001) (Fig. 3) . In PSP, FAt values were increased in the caudate, putamen, thalamus, and vermis and decreased in the superior cerebellar peduncle and CC2 compared with controls (all P-values 4 0.031) (Fig. 3) . No significant group differences were detected in FAt values in the two controls regions of interest (inferior parietal lobule, P = 0.246; middle occipital gyrus, P = 0.722). Table 4 summarizes the results of three classification models using diffusion measures alone, clinical measures alone, and a combination of diffusion and clinical measures. The classification analysis based on diffusion measures included two steps. In Step 1 using the logistic regression approach, the area under the curve was 0.97 (sensitivity 94%, specificity 89%) for control versus Parkinson's disease/MSA/PSP and 1.00 for each of the disease group comparisons (sensitivity 100%, specificity 100%). In Step 2, using the support vector machine with 10-fold cross-validation, the areas under the curve were between 0.93 and 1.00 for each comparison with strong sensitivity and specificity in each comparison (Table 4) . The support vector machine with 10-fold cross-validation based on the clinical measures yielded an area under the curve of 0.99 for controls versus Parkinson's disease/ MSA/PSP (sensitivity 89%, specificity 98%), an area under the curve between 0.83 and 0.95 with high sensitivity and moderate to high specificity for Parkinson's disease versus MSA/PSP, Parkinson's disease versus MSA, Parkinson's disease versus PSP, and an area under the curve of 0.50 with low sensitivity and low specificity for MSA versus PSP (Table 4) . Finally, the support vector machine model based on diffusion and clinical measures provided an area under the curve of 1.00, with 100% sensitivity and 100% specificity for the comparison of controls versus Parkinson's disease/ MSA/PSP, and an area under the curve between 0.88 and 1.00 for the comparisons between patients, and high sensitivity and specificity for each of these comparisons.
Differentiation of patients and controls
Correlation of diffusion and clinical measures
Within-group correlation analyses revealed no significant association between the diffusion measures used in the classification analysis and total MDS-UPDRS-III, or Montreal Cognitive Assessment (P-values 4 0.05). A negative correlation between free-water in the posterior substantia nigra and Montreal Cognitive Assessment approached significance in Parkinson's disease; however it did not survive a Bonferroni correction (r = À0.609, P = 0.007 and Bonferroni P = 0.0045). Across groups (Parkinson's disease/MSA/PSP, n = 54), total MDS-UPDRS-III was found to correlate positively with free-water from lobule V of the cerebellum (r = 0.463, P 5 0.001), FAt values from putamen (r = 0.556, P 5 0.001), and vermis (r = 0.424, P = 0.001). Montreal Cognitive Assessment was related to free-water in the superior cerebellar peduncle (r = À0.509, P 5 0.001), and FAt in the CC2 area of the corpus callosum (r = 0.399, P = 0.003).
Discussion
The current study is the first to use a bi-tensor model to examine free-water and FAt in the basal ganglia, midbrain, thalamus, cerebellum, and corpus callosum of Parkinson's disease, MSA, PSP, and healthy controls. There were three key findings. First, we found evidence that supported the hypothesis that free-water is elevated in the substantia nigra of MSA and PSP when compared with controls, and reconfirmed the finding that free-water in the substantia nigra is elevated in Parkinson's disease compared with controls. Second, despite no other changes in free-water or FAt for Parkinson's disease, we observed elevated free-water in multiple basal ganglia and cerebellar regions for MSA, and in all regions except for the control regions for PSP. Compared with controls, FAt was increased for MSA in the putamen and caudate, and increased for PSP in the putamen, caudate, thalamus, and vermis, and decreased in the superior cerebellar peduncle and corpus callosum. These findings, along with the fact that no group differences were detected in the control regions within parietal and occipital cortices, suggest that the bi-tensor model is sensitive to disease-specific alterations, and provides clear patterns and distinct differences across the brain in Parkinson's disease, MSA, and PSP (Figs 2 and 3) . Third, when combining free-water and FAt values from multiple regions that are consistent with prior pathology studies in each disease, the crossvalidated machine learning algorithm separated the disease groups with excellent sensitivity and specificity (Table 4) . The pathological hallmarks of Parkinson's disease are the loss of dopaminergic neurons in the substantia nigra (Fearnley and Lees, 1991) and presence of Lewy bodies and Lewy neurites (Braak et al., 2003) . The current findings of elevated free-water in the posterior substantia nigra of the Parkinson's disease group confirms prior work (Ofori et al., 2015a, b) , and extends the elevated substantia nigra free-water to MSA and PSP. FAt in the substantia nigra was not different for any of the groups compared with controls, suggesting that prior studies examining the substantia nigra using a single tensor model were due to free-water. Further, we observed increased free-water in the anterior substantia nigra of Parkinson's disease, MSA, and PSP, when compared with controls. In prior work (Ofori et al., 2015a, b) , a significant increase in free-water for the anterior substantia nigra region was not observed for early stage Parkinson's disease, and the difference in results in the anterior substantia nigra between the current study and prior work is likely due to the differences in the disease severity of the patients. The current study included Parkinson's disease with more severe motor symptoms (MDS-UPDRS-III OFF medication = 37.3), whereas the cross-sectional study by Ofori and colleagues (2015a) included an early stage cohort (MDS-UPDRS III OFF medication = 29.8) and a drug-naïve cohort (MDS-UPDRS-III OFF medication = 22.9) with milder levels of disease severity. As in the current study free-water in the anterior substantia nigra was also impaired in the MSA and PSP cohorts, it could be that as the disease spreads and becomes more severe the anterior substantia nigra free-water values are more likely to become affected. In support of this hypothesis, a cross-sectional study of disease progression in Parkinson's disease found that fractional anisotropy values in the anterior substantia nigra were altered only in the later stages of disease (Du et al., 2012) . Consistent with several other diffusion MRI studies, we did not observe significant differences in diffusivity in areas beyond the substantia nigra in Parkinson's disease compared with controls (Seppi et al., 2003; Schocke et al., 2004; Blain et al., 2006; Rizzo et al., 2008; Boelmans et al., 2010; Nicoletti et al., 2010 Nicoletti et al., , 2013 Wang et al., 2010; Tsukamoto et al., 2012; Worker et al., 2014) . Nevertheless, altered diffusion has been reported in a variety of areas that differ across studies, including the basal ganglia, thalamus (Péran et al., 2010; Zhan et al., 2011; Kim et al., 2013) , corpus callosum (Karagulle Kendi et al., 2008; Gattellaro et al., 2009) , cerebral cortex (Nicoletti et al., 2006; Karagulle Kendi et al., 2008; Zhan et al., 2011; Zhang et al., 2011) , middle cerebellar peduncle (Agosta et al., 2014) , and cerebellar hemispheres Mormina et al., 2015) . Differences in methodology, patient characteristics, and the potential bias of free-water on single tensor diffusion measures may explain these mixed results. Our results also raise the possibility that those Parkinson's disease studies that detected effects in other regions of the brain could have included patients with atypical forms of parkinsonism. This possibility further highlights the need to assess and corroborate different diffusion computational methods in order to maximize accuracy of diagnosis in parkinsonian disorders and outcomes in clinical trials.
MSA is characterized by widespread -synuclein-positive glial cytoplasmic inclusions and degeneration of the nigrostriatal and/or olivopontocerebellar systems (Trojanowski et al., 2007) . Indeed, pathological changes occur throughout the basal ganglia, with the substantia nigra and putamen most affected and the subthalamic nucleus (STN) least affected Cykowski et al., 2015; Salvesen et al., 2015) . Here, for the MSA group we observed increased free-water values in each of the basal ganglia nuclei except the STN, which is consistent with prior studies of pathology. In addition, FAt values were increased in the putamen and caudate, and increased fractional anisotropy in grey matter regions could be a signal of gliosis (Budde et al., 2011) . Although altered diffusion has been reported consistently in the putamen of MSA (Seppi et al., 2003; Kanazawa et al., 2004; Schocke et al., 2004; Nicoletti et al., 2006; Ito et al., 2007; Kö llensperger et al., 2007; Chung et al., 2009; Pellecchia et al., 2009; Tsukamoto et al., 2012; Baudrexel et al., 2013; Umemura et al., 2013; Cnyrim et al., 2014) , the microstructural composition of the other basal ganglia nuclei is less clear, results are more variable, and STN has not been a focus of previous research. Correlation analyses revealed a significant positive relation across disease groups between total MDS-UPDRS-III and FAt values in the putamen, lobule V of the cerebellum, and cerebellar vermis. Previous diffusion MRI work in MSA has reported normal (Kanazawa et al., 2004; Tsukamoto et al., 2012) and increased regional apparent diffusion coefficient values in the thalamus (Nicoletti et al., 2006) , but has not examined the red or pedunculopontine nuclei. We found increased free-water values in each of these areas. Although the red nucleus, Step 2 pedunculopontine, and thalamic nuclei are considered to be spared or only mildly affected in MSA (Dickson, 2012) , there is evidence of glial cytoplasmic and neuronal inclusions in the thalamus (Cykowski et al., 2015) , activated microglia in the red nucleus (Salvesen et al., 2015) , and severe cell loss in the pedunculopontine nucleus.
In the olivopontocerebellar system, we found increased free-water values in the middle and superior cerebellar peduncles, lobules V and VI, and vermis of MSA compared with controls. Except for the superior cerebellar peduncle, each of these areas has been reported to be pathologically affected in MSA (Papp et al., 1989; Wenning et al., 1997; Ozawa et al., 2004; Ahmed et al., 2012) . It is interesting to note that only PSP had a massive reduction in the superior cerebellar peduncle for the FAt measure, suggesting that this is critical in separating PSP from MSA.
In PSP, there is extensive neuronal loss and the presence of neurofibrillary tangles and neuropil threads (Litvan et al., 1996) . Consistent with the severe pathology throughout the basal ganglia in PSP (Hardman et al., 1997; Ahmed et al., 2008; Dickson, 2012) , we observed increased freewater in the anterior and posterior substantia nigra, putamen, caudate, globus pallidus, and subthalamic nucleus of PSP compared with controls. In addition, FAt values were increased in caudate nucleus. Although previous research has found altered diffusion in the substantia nigra of PSP (Yoshikawa et al., 2004; Knake et al., 2010; Wang et al., 2010; Focke et al., 2011b) , the direction of these changes has not been consistent; fractional anisotropy was increased in one study (Wang et al., 2010) and reduced in another (Yoshikawa et al., 2004) . This inconsistent pattern could be due to the ambiguity of the single tensor model, where fractional anisotropy changes are affected by free-water differences. The major contribution of the current study is the use of the bi-tensor model, which allows us to control for partial volume effects with extracellular free-water when quantifying the fractional anisotropy metric, and thus provide a corrected fractional anisotropy value that is more specific to microstructural tissue changes.
The efferent cerebellar pathway is severely affected in PSP, with significant atrophy reported in the dentate nucleus, superior cerebellar peduncle, red nucleus, and thalamus (Tsuboi et al., 2003; Halliday et al., 2005; Ahmed et al., 2008; Kanazawa et al., 2009; Dickson, 2012) . Moreover, the pedunculopontine nucleus (PPN), which is connected to the basal ganglia, thalamus, and cerebellum (Muthusamy et al., 2007) is also pathologically affected in PSP (Dickson, 2012 ). In the current study, we found increased free-water values in each of these areas and massively reduced FAt values in the superior cerebellar peduncle. Free-water values in the superior cerebellar peduncle correlated negatively with Montreal Cognitive Assessment across disease groups.
The cerebellar cortex and vermis also exhibit pathology in PSP (Piao et al., 2002; Armstrong et al., 2007) . In the current study, free-water values were increased in the cerebellar hemispheres and vermis and increased FAt values in the vermis. Neurons in motor cortical areas project to the vermis and are thought to be involved in whole-body posture and locomotion (Coffman et al., 2011) , which are disrupted in PSP. One previous diffusion MRI study reported increased radial diffusivity in the vermis and increased radial diffusivity and fractional anisotropy in the cerebellar hemispheres using track-based spatial statistics (Knake et al., 2010) , while another reported increased mean diffusivity in the vermis but not the hemispheres using a region of interest approach (Nicoletti et al., 2013) . It is possible that specific subareas of the cerebellar hemispheres are affected in PSP, but these were not detected by the region of interest study because values were averaged across the whole structure. We drew regions of interest in lobules V and VI, which are known to be involved in sensorimotor processing (Stoodley and Schmahmann, 2009; Mottolese et al., 2013) , and found that PSP had increased freewater values in both areas. Nevertheless, it remains to be determined whether other regions of the cerebellar cortex are affected in PSP.
In the corpus callosum, PSP had increased free-water values in CC1 and CC2 and decreased FAt values in CC2. Across disease groups, FAt in CC2 correlated positively with Montreal Cognitive Assessment. Given that areas CC1 and CC2 contain interhemispheric connections between prefrontal and motor cortices, respectively (Hofer and Frahm, 2006; Fling et al., 2013) , these results suggest that the frontal lobes are affected in PSP, confirming cortical pathology in this population (Dickson, 2012) .
Previous MRI and pathology studies have reported that the middle cerebellar peduncle is affected in MSA, whereas the superior cerebellar peduncle is affected in PSP (Papp et al., 1989; Dickson, 2012) . Here, we show that freewater values are increased in the middle and superior cerebellar peduncles for both MSA and PSP compared with controls and Parkinson's disease. However, PSP had a very large reduction in the FAt values in the superior cerebellar peduncle compared with all groups consistent with predictions from pathology (Dickson, 2012) . Moreover, it has been shown that PSP-Richardson's syndrome but not PSP-parkinsonism patients have increased mean diffusivity and reduced fractional anisotropy and volume in the middle and superior cerebellar peduncles compared with controls (Agosta et al., 2012) . Taken together, these findings suggest that the afferent and efferent cerebellar pathways are affected in MSA and PSP, albeit to different extents, and that their involvement may depend in part on disease subtype.
There has been increasing interest in using MRI-derived measures to classify parkinsonian disorders. Some diffusion-weighted imaging studies have reported excellent separation of MSA from Parkinson's disease (Schocke et al., 2004; Kö llensperger et al., 2007) , MSA from both Parkinson's disease and PSP (Nicoletti et al., 2006 (Nicoletti et al., , 2013 , and PSP from Parkinson's disease (Seppi et al., 2003; Nicoletti et al., 2008) . However, none have distinguished between Parkinson's disease, MSA and PSP in the same cohorts, which is important to achieve given that misdiagnoses occur between all three diseases (Litvan et al., 1997; Hughes et al., 2001 Hughes et al., , 2002 . Other MRI techniques such as regional volumetry based on T 1 -weighted images and iron imaging based on T 2 maps have shown discriminative potential (Focke et al., 2011a; Boelmans et al., 2012) . However, these methods have not been able to produce high classification accuracy for all comparisons. Of the studies using single tensor DTI (Blain et al., 2006; Focke et al., 2011b; Prodoehl et al., 2013) , the best separation of Parkinson's disease, MSA, and PSP was achieved by combining diffusion measures from multiple regions of interest (100% specificity, 87-94% sensitivity) (Prodoehl et al., 2013) , yet this study used a single tensor approach. There is extensive variability in diffusion metrics across studies in Parkinson's disease when using a single tensor model (Schwarz et al., 2013) . Abnormal diffusion imaging values from the substantia nigra in Parkinson's disease (including fractional anisotropy, radial diffusivity, and axial diffusivity) were not found using a single tensor model in a large dataset of Parkinson's disease and controls from multiple imaging sites participating in the Parkinson's Progressive Marker Initiative (Schuff et al., 2015) . However, in a study that applied the bi-tensor model using a subset of subjects from the same Parkinson's Progressive Marker Initiative cohort, elevated free-water was found in the posterior substantia nigra (Ofori et al., 2015a) . Thus, while prior studies have shown promise using a single tensor analysis model, this approach is not as strong and reliable in the literature as a whole. The current findings are important because the data shown in Figs 2 and 3 provide clear patterns of change using freewater and FAt in Parkinson's disease, MSA, and PSP that could not be achieved using a single tensor model.
In addition, using a multi-target approach with freewater and FAt values, the current study distinguished Parkinson's disease, MSA, and PSP with 493% area under the curve when cross-validation methods were used. Importantly, the regions used in the classification model were consistent with areas that are different in prior studies of pathology (Dickson, 2012) . Free-water and FAt measures also provide an accurate separation of MSA and PSP (Table 4 )-separation that cannot be done on clinical measures alone (Table 4 ). Equally important is that the accuracy of all group classifications based on freewater and FAt measures is not reduced by differences in clinical measures. Adding differences in motor severity, gait and posture, and global cognitive function to the classification model (Table 4) provided the advantage over diffusion measures alone, that of a perfect separation of patients from controls (AUC = 1.00, 100% sensitivity and specificity). The disadvantage of adding clinical measures to classification was that the Parkinson's disease versus MSA classification dropped from an AUC of 0.97 to 0.88. Nevertheless, these data suggest that combining clinical measures and diffusion measures based on the bi-tensor diffusion model could prove to be an effective combination should these findings be replicated in the future.
There are a few limitations worth noting. First, patients were diagnosed clinically based on the established consensus criteria for each disease (Hughes et al., 1992; Litvan et al., 1996; Gilman et al., 2008) . Given that neuropathological confirmation was not available for most patients, diagnostic errors may have occurred. However, this possibility was minimized by having movement disorders neurologists diagnose the patients (Hughes et al., 2002) based on successive evaluations, and then reconfirming each patient's diagnosis by a movement disorders neurologist over several years (Table 1) . Second, free-water and FAt values were calculated from manually-drawn regions of interest. This approach could be criticized for being operator-dependent, yet both raters had a strong agreement (Supplementary Table 1 ). Also, given the small size of several brain areas known to be affected in these diseases (e.g. substantia nigra, PPN) and their variability in spatial location between subjects due to individual differences and neurodegeneration, it could be problematic to purely rely upon a voxel-wise or other automated procedure because of the inaccuracy that occurs in spatial normalization.
In conclusion, the current study revealed distinct patterns of microstructural brain changes in Parkinson's disease, MSA, and PSP. Specifically, Parkinson's disease had select changes in free-water in the substantia nigra, MSA had widespread changes in free-water and FAt, and PSP had the most severe and widespread changes in both measures. It will be up to future work to elucidate the relationship between free-water and FAt and neurodegenerative processes such as neuroinflammation, gliosis, cell loss, and axonal damage. We also showed that free-water and FAt values from multiple regions of interest were able to distinguish the disease groups with excellent sensitivity and specificity. Although an important next step will be to determine whether our findings can be replicated using different scanners and patient cohorts, the current findings provide an important step forward in developing a robust MRI procedure to separate forms of parkinsonism.
